ABSTRACT Zero-age main-sequence models of uniformly rotating stars have been computed for 10 masses between 1.625 and 8 M and for 21 rotation rates from zero to nearly critical rotation. The surface shape is used to distinguish rotation rather than the surface equatorial velocity or the rotation rate. Using the surface shape is close, but not quite equivalent, to using the ratio of the rotation rate to the critical rotation rate. Using constant shape as the rotation variable means that it and the mass are separable, something that is not true for either the rotation rate or surface equatorial velocity. Thus, a number of properties, including the ratio of the effective temperature anywhere on the surface to the equatorial temperature, are nearly independent of the mass of the model, as long as the rotation rate changes in such a way as to keep the surface shape constant.
INTRODUCTION
Over the course of the last 60 years, our knowledge of the internal structure and evolution of spherical stars has gone from rudimentary, quasi-analytic models to very detailed internal structure models that certainly explain the basic stages of stellar evolution and many, but not all, observed details. This is not to deny that a number of issues remain unresolved, but in an overall sense the state of knowledge is not bad. The same cannot be said for rotating stars. The lack of development is both theoretical and observational, but now it appears that improvements in both are bringing closer a better understanding of rotation in stars. Two observational advancements, asteroseismology and optical interferometry, are combining to provide significant constraints on rotation that can be explored with current models.
The rapid increase in observations to determine stellar oscillation frequencies from satellites such as the Microvariability and Oscillations of STars mission (Walker et al. 2003) , CoRoT (Baglin et al. 2001) , and Kepler (Basri et al. 2005) , and from ground-based networks such as STEllar Photometry International (Belmonte et al. 1993 ) and the Whole Earth Telescope (Nather et al. 1990 ) is generating a large number of oscillation frequencies that depend significantly on rotation if the star is rotating sufficiently rapidly. Computing oscillation modes for rotating stars has provided a significant step for rapidly rotating stars by allowing the mode to be described by more than one Legendre polynomial (Clement 1998; Lignières et al. 2006; Reese et al. 2006 Reese et al. , 2008 Lovekin et al. 2009 ). Also, the use of models with rotation as input for these calculations (e.g., Reese et al. 2009 ) should provide more realistic oscillation frequencies for comparison with observations.
However, even with many oscillation frequencies for many stars, there are simply too many degrees of freedom, at least for rapidly rotating stars, to produce rapid progress. These degrees of freedom can be reduced significantly by the development and application of optical interferometry to determine the surface shape of nearby rapidly rotating stars (e.g., van Belle et al. 2001; Domiciano de Souza et al. 2003; Monnier et al. 2007 ; Zhao et al. 2009 ). The recent application of interferometry and asteroseismology to α Oph (Monnier et al. 2010) should provide an excellent test case for learning more about not only the effects of rotation on stars but also how angular momentum is distributed, at least in selected stars.
An important ingredient to comparing observations and theory is the ability to model rotating stars as realistically as possible. Two computational approaches for computing rotating stellar models were developed about 35 years ago. Both methods use von Zeipel's theorem (1924) , which shows that state variables are constant on equipotential surfaces, at least in radiative regions. One of these approaches, the selfconsistent field method (Ostriker & Mark 1968) , solved for the gravitational potential for a given density distribution and then solved for a new density distribution on equipotential surfaces from hydrostatic equilibrium. The new densities led to a new approximation of the gravitational potential, and the entire process was iterated until all changes were sufficiently small. Jackson (1970) modified this method to include thermal equilibrium as well and has computed a number of rapidly rotating stellar models (Jackson et al. 2004 (Jackson et al. , 2005 MacGregor et al. 2007 ). Bodenheimer (1971) also used the method to compute a number of rapidly rotating main-sequence models for several angular momentum distributions. Clement (1974 Clement ( , 1978 Clement ( , 1979 modified the original double series expansion for the gravitational potential with a two-dimensional (2D) finitedifference approach.
The second approach, developed by Monaghan & Roxburgh (1965) and extended and utilized by others (e.g., Roxburgh et al. 1965; Faulkner et al. 1968; Kippenhahn & Thomas 1970; Sackmann & Anand 1970) , allowed certain rotating models to be calculated in a one-dimensional (1D) framework. This approach was extended by Endal & Sofia (1976 , 1978 to include the redistribution of angular momentum in this 1D framework for a number of hydrodynamic and thermal instabilities, and such prescriptions are now commonly included in stellar evolution codes.
An alternative to these methods is to solve for all of the appropriate equations and their boundary conditions simultaneously on a 2D grid (Deupree 1990 (Deupree , 1995 . The reason for using this framework was to include the appropriate velocity terms in the conservation equations to compute features such as meridional circulation. However, it can also be used to calculate the stellar structure of isolated models as well as members of evolution sequences.
Here, I wish both to produce a large test bed of uniformly rotating models that could be used for oscillation studies and to study how the structure of models of different masses and rotation rates relate to each other. To this end, I have computed a two-parameter (mass and rotation) sequence of models. The first issue is to decide what the rotation variable will be, and I selected the surface shape for this. The rationale is that models with the same surface shape have the same ratio of centrifugal potential to gravitational potential, so that the effect of rotation, at least at the surface, would be the same. Therefore, I can examine models of different masses but with the same surface shape and models with the same mass but different surface shapes. It turns out that the surface shape is a significant choice as the rotation variable because mass and the surface shape are essentially separable variables, something that is not true for either mass and rotation rate or mass and surface equatorial velocity. I will show that the same surface shape is close to, but not exactly the same as, a constant ratio between the rotation rate and the critical rotation rate. I discuss a few details about the computation of the rotating models in Section 2, and present the results for the 2D array of rotating models in Section 3. Section 4 is a brief discussion of the results.
COMPUTATION OF ROTATING MODELS
I wish to summarize briefly the major features of the computation of the 2D rotating zero-age main-sequence (ZAMS) models. A model is computed on a 2D finite-difference grid whose independent variables are the fractional surface equatorial radius (x) and the colatitude (θ ). A rotation rate is imposed as a function of x and θ in terms of the azimuthal velocity, v ϕ . In this paper, the rotation is taken as uniform so the azimuthal velocity increases linearly with the distance from the rotation axis and the magnitude is determined by the surface equatorial azimuthal velocity. The composition is taken to be X = 0.7, Z = 0.02 and assumed to be uniform throughout the ZAMS model. The opacity and equation of state are computed from the OPAL tables and the composite energy generation rates for both p-p and CNO hydrogen burning are taken from Fowler et al. (1967) . Time-independent equations of hydrostatic and thermal equilibrium, along with Poisson's equation, the equation of state, and relations for the nuclear energy generation, and the radiative opacity, are solved simultaneously for the density, pressure, temperature, and gravitational potential at each location in the 2D grid. The thermal balance equation assumes radiative diffusion, with the opacity modified as discussed below to produce an adiabatic gradient in convective cores. The method of solution is a two-dimensionalization of the Henyey technique outlined by Deupree (1990) . The determination of the surface equatorial radius is found by integrating the density over the volume to produce the imposed mass, an equation which is also solved as part of the Henyey method. Azimuthal and equatorial symmetry are imposed to supply the horizontal boundary conditions.
The surface provides some interesting challenges. First, a procedure must be found to determine its location at each angle (x surf (θ )). Once the surface is found, we impose the boundary conditions of the surface density as some very small value and the surface temperature as equal to the effective temperature divided by the fourth root of two. This latter relation comes from applying the simple Eddington atmosphere
Such a relationship between the effective temperature and the local temperature is contradictory to von Zeipel's (1924) law, which forces the temperature to be constant on an equipotential surface (including the stellar surface), even though the effective temperature can vary by a significant factor between the pole and equator. This effect is small at low rotation because the equatorial-to-polar effective temperature variation is small, but the differences between von Zeipel's law and the surface temperature structure do become noticeable once the ratio of the polar-to-equatorial effective temperature becomes about 10%. It does highlight some of the uncertainty associated with the surfaces of rotating models. Interestingly, this alters the ratio of the polar-to-equatorial radiative flux by about the same amount as the hydrodynamic simulations of Espinosa Lara & Rieutord (2007) in comparison to the flux ratio of models with von Zeipel's law applied all the way to the surface.
The convective core is assumed to be adiabatic. Because of my desire to compute hydrodynamic simulations with this code, I imposed this condition by replacing the opacity in the radiative flux in the energy conservation equation with an effective opacity of
in the convective core. Convectively unstable regions associated with ionization zones are quite inefficient and small in the models considered here, and convection in them has been ignored. It is true that the equatorial regions of rapidly rotating models reach significantly lower effective temperatures than nonrotating models, but the conditions in the hydrogen ionization region there are quite similar to those in the nonrotating model. This happens because the cooler effective temperatures are offset by the significantly lower gravity. There is also an issue with the radiative gradient that needs to be considered. Recall that the radiative gradient is computed by dividing the temperature gradient produced by radiative transport by the pressure gradient produced by hydrostatic equilibrium. Of course, the usual expression for hydrostatic equilibrium does not include rotation, so I compute the radiative gradient by dividing the expression for the radial component of the temperature gradient by the finite-difference expression for the radial pressure gradient. This different radiative gradient has the capability to change the location of the convective core boundary (determined by the equality of this expression for the radiative gradient and the adiabatic gradient), but in fact the change is negligible unless the rotation rate near the convective core boundary is large. This only happens if the rotation rate increases significantly as the distance from the rotation axis decreases, something not true in the calculations discussed in this work. Because I use a finite-difference non-Lagrangian framework, the locations of both the convective core boundary and the surface are quantized-for example, a computational cell is either a surface zone or it is not, so that the surface will be at the same place for a limited set of conditions until the change in those conditions becomes sufficiently large to move the equipotential (for the surface) or the equality of the radiative and adiabatic gradients (for the convective core boundary) into one of the two neighboring radial cells. 
MODELS WITH ROTATION
It should be easier to relate the effects of rotation on models at different masses if the effect of rotation is the same for all masses. As mentioned above, I feel the best way to do this in a general sense is to use the constant surface shape for all masses as the rotation parameter. This is clearly better than using either the rotation rate or the surface equatorial velocity as the rotation parameter because the effect rotation has on the model changes as a function of mass for both of these. If the gravitational potential was given by the Roche potential, then constant surface shape would be closely related to constant S, defined by
The parameter S is related to the ratio of the rotation rate (Ω) to the critical rotation rate (Ω crit ), which is that rotation rate for which the centrifugal force will balance gravity (i.e., S = 1). However, neither the critical rotation rate nor the surface equatorial radius (R eq ) at critical rotation is known a priori, whereas S can be computed for any given model available. One of the features I wish to examine is how good a proxy S is for constant surface shape.
I have computed 21 rotating models (including zero rotation) for 10 different masses ranging from 1.625 to 8 M . The shapes used to control the rotation variation correspond to surface equatorial velocities for the uniformly rotating 10 M models used by Lovekin et al. (2009) and Deupree & Beslin (2010) of 0, 10, 30, 50, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360, 390, 420, 450, 480, 510, 540 , and 570 km s −1 . All models had 581 radial zones and 10 angular zones. Convergence at lower masses and higher rotation rates was hindered in some cases by the very steep temperature gradient in the hydrogen ionization region and possibly by the radial numerical resolution in this region at certain angles. The problem is that changing the surface location by a zone requires mapping of the dependent variables between some arbitrarily chosen depth inside the model and the new surface. Because many quantities vary rapidly with radius near the surface, particularly if there is a hydrogen ionization region with inefficient convection, obtaining a good approximation to the new structure can be difficult. The failure to obtain a sufficiently accurate first guess for the new structure can lead to convergence difficulties. This problem was eliminated by a capability I built into the ROTORC code, which allows the user to set all perturbations equal to zero inside some user-selected radial zone number. Once it became clear that convergence using the full model was not happening, I began to converge the model from the hydrogen ionization zone outward and then gradually worked in deeper layers until all zones in the model were included. In all models, both the density and temperature converged to about one part in 10 8 (this converged the gravitational potential to approximately the round-off error of a few parts in 10 15 ). I present a summary of the basic properties of the ZAMS nonrotating models in Table 1 , along with some rotation information. The first columns are the mass, radius, effective temperature, convective core mass, central density, and central temperature of the nonrotating models. As I will discuss shortly, the models show that ratios of the rotation rate, the surface equatorial velocity, and the equatorial effective temperature between two masses are nearly independent of the rotation rate. These three quantities are presented as fractions of the respective quantities for the 8 M model in the last three columns. Before examining details of the models, I will explore the relationship among three possible representations of the rotation parameter: surface shape, S, and Ω/Ω crit .
Relation between Possible Rotation Parameters
I first examine the relationship between S and models with constant surface shape. For each surface shape, I compute S for each mass and take the average over all the masses. Ratio of S to its value for the 8 M model as a function of mass in M for rotation sequences r4 (crosses), r8 (diamonds), r12 (squares), and r19 (circles). S generally increases as the mass decreases. Neither this ratio nor the absolute variation of S is independent of rotation sequence. Fractional difference between the gravitational potential along the polar axis and that along the equatorial plane as a function of the fractional surface equatorial radius for models near critical rotation. The solid curve is for 1.625 M , and the dashed curve is for 8 M . The fractional difference is larger for larger masses and the maximum magnitude is farther out in terms of fractional equatorial radius.
These values of S, along with the similarly computed values of Ω/Ω crit , are presented in Table 2 for each of the constant surface shapes used. These shapes are denoted by "r" in the table with an integer between 1 and 20 (0 corresponds to no rotation and is omitted). The variation of S is typically about 0.0005, almost independent of rotation, while the variation of Ω/Ω crit is about 0.002. The trend in all cases is for both S and Ω/Ω crit to increase as the mass decreases, although it may not always be true from one mass to the next. I show the fractional variation of S with respect to the 8 M value as a function of mass for several surface shapes in Figure 1 . Generally speaking, the results show that S is not a bad proxy for constant surface shape, but it is not exact. However, S does have the distinct advantage in that it provides a quantitative determination of the effects of rotation. Furthermore, preliminary calculations show that S is not nearly as greatly affected by differential rotation as is the simplest measurement of constant shape, the ratio of the surface polar radius to the surface equatorial radius (see Figures 2 and 3 of Lovekin et al. 2009 for the sensitivity of this ratio to differential rotation). The behavior of S with differential rotation is beyond the scope of the current work. I will use S (or S 2 ) in plots because it conveys quantitative information, although the surface shape is really the parameter I am using. The behavior of Ω/Ω crit with mass will be discussed shortly. This variation of S is presumably related to the differences in the nonspherical variation of the gravitational potential at different masses. In Figure 2 , I present the difference between the gravitational potential along the polar axis and the gravitational potential along the equator divided by the equatorial gravitational potential. This is shown as a function of the fractional surface equatorial radius for the 1.625 M and the 8 M models rotating close to critical rotation. The maximum amplitude of this difference is larger for the higher mass model by a factor of almost 2.5, although the total variation in both cases remains less than 1%. The curves for more slowly rotating models have the same shape, but with lower amplitudes, and the ratio of the maximum amplitudes between the high-and lowmass model is higher for lower rotation. Figure 2 also indicates where the major perturbations to the mass occur. Close to the center of the model the rotation is too small to significantly alter the mass distribution. There is little mass exterior to the minima and the decreased effect of the variations with increasing fractional radius occurs because the significantly perturbed mass is farther away. For example, only 2.5% of the mass is beyond a fractional surface equatorial radius of 0.4 for the 8 M model. The fractional surface equatorial radius beyond which there is only 2.5% of the mass is about 0.33 for the 1.625 M model. The equivalent locations in the nonrotating models are 0.55 for the 8 M model and 0.475 for the 1.625 M model. The smaller degree of concentration for the higher mass star is consistent with the fact that the convective core with its smaller effective polytropic index, and hence lesser mass concentration, contains about 29% of the mass of the more massive model and only about 10% for the less massive model.
The ratio of the rotation rate to the critical rotation rate is often used as an indicator of the importance of rotation. I show this as a function of S in Figure 3 for the 1.625 M and the 8 M model rotation sequences, where it is clear that S and Ω/Ω crit are close, but not identical for the two masses. Neither is exactly the same as constant surface shape, but all three are close to each other, at least for these uniform rotation models. One interesting feature about Figure 3 is the relationship between S and Ω/Ω crit , in that high values of Ω/Ω crit are reached at quite moderate values of S. To me, this makes S preferable to Ω/Ω crit for representing the effects of rotation.
We can understand the mass dependence of S seen in Figure 1 in terms of the departures (δ and ε) of the actual gravitational potential from the Roche potential at the pole and equator, respectively. We start with the equipotential (Ψ) at the model surface for the pole and the equator
where M is the model mass, V eq is the surface equatorial velocity, and R eq and R pole are the surface radii at the equator and pole, respectively. Even for the most oblate model, the amount of mass outside the polar radius is less than one part in 10 5 and the effect is small compared to that of δ and ε. Dividing by GM/R eq and using the definition of S leads to
Because of the elongation of the model in the equatorial direction, ε is slightly positive, while δ is larger in magnitude and negative. The difference in magnitude is due to the fact that the equator is farther away from the mass concentration (once the star is rotating fast enough); ε is positive because the mass disturbed by rotation has been moved outward on the equatorial plane, and δ is negative because the disturbed mass has been moved farther away from the polar axis. In Figure 2 the magnitudes of δ and ε are larger for higher mass models. In the equation above, the effect of δ is larger, leaving a smaller value of S for larger magnitudes of δ. . Rotation rate, scaled to the rotation rate for the 8 M model, versus mass in M for four rotation sequences: r5 (upper curve), r10, r15, and r20 (lower curves, respectively; near-critical rotation). For a given rotation as identified by constant surface shape, the rotation rate increases as the mass decreases, but the ratio of the rotation rate between one mass and another is not strongly dependent on the amount of rotation, at least for the mass range covered here. Figure 5 . Ratio of the effective temperature at the pole to the effective temperature at the equator as a function of mass in M for rotation r14. Both the tendency for the ratio to increase with increasing mass and the small total variation are typical. Of course, the value of the ratio increases with increasing rotation.
Variation of Properties with Mass
The last three columns in Table 1 show the rotation rate, the surface equatorial velocity, and the equatorial effective temperature as functions of mass. All three quantities have been scaled to their values for the 8 M model. The variation of these ratios with S is small. The standard deviation from the average over all nonzero r values for the rotation rate ratio is between 0.01 and 0.017 and increases as the mass decreases, as one might expect because of the scaling to the 8 M model. The standard deviation for the surface equatorial velocity is about 0.0035 and does not vary appreciably from one mass to the next. The standard deviation for the equatorial effective temperature is only about 0.0003 and also shows no significant dependence on mass. Figure 4 presents the variation of the rotation rate with mass for four r values.
An interesting quantity which is almost independent of mass is the ratio between the polar and equatorial effective temperatures for a given value of r. I show a fairly typical example in Figure 5 , where it is seen that the ratio tends to decrease with mass, but the decrease is comparatively small. It turns out that the small variation in effective temperature ratio is true not only for the ratio of the polar-to-equatorial effective temperature, but also for the ratio between the effective temperature at any latitude and the equatorial effective temperature. This has the significant result that some modest knowledge about the rotation can lead to a reasonable deduction of the surface effective temperature as a function of latitude, at least for uniform rotation. It is reasonable to expect, although not proven, that this near independence of the effective temperature ratios at different latitudes will be maintained with other conservative rotation laws, although the precise values for the ratios will depend on the rotation law.
Variation of Properties with Rotation
I have indicated that a number of properties are almost independent of mass, so it remains to determine how they vary with rotation. The simplest of these is the surface shape, which is independent of mass by definition. I have also shown that the ratio of the polar-to-equatorial effective temperature is nearly independent of mass and indicated that this is true at other latitudes besides the pole. In Table 3 , I present the surface radius and effective temperature, in units of their equatorial values, as functions of colatitude for the values of the rotation parameter r. I have omitted r0 for obvious reasons and r1 because the variations are too small for the number of significant digits in the table. The near independence of the effective temperature as a function of mass can be understood from von Zeipel's (1924) law. The radiative flux is perpendicular to the equipotential surfaces, whose shape (at least at the surface) is independent of mass, so it is not unreasonable to suspect that the common surface shape leads to the same flux distribution with latitude. Even the violation of von Zeipel's law near the surface may not matter either because it occurs only close to the surface or because it is violated in the same way for all masses. It should be noted that the near independence of the effective temperature ratio with mass is due to a given rotation being defined in terms of a given surface shape. If the shape changes at any latitude, the effective temperature must change to deliver the flux that is coming from the interior.
In order to complete the description of the properties in Tables 1 and 3 for all masses and rotation rates, I must indicate their variation with r. This is done in Table 4 and includes the rotation rate and the surface equatorial velocity for the 8 M model, the surface equatorial radius, and the equatorial effective temperature. The values given for the last two quantities, presented as ratios to their nonrotating values, are the averages over all the masses at a given rotation. The variation in the surface equatorial radius is shown in Figure 6 for the 1.625 and 8 M models. There is some variation in the relationship for the different masses, particularly noticeable for higher rotation. The variation between the two curves is smooth as a function of mass. The solid line and dashed line are linear least-squares fits to the two data sets and fit the data well. Note that there is some dependence on mass in this relationship. This variation explains the variation of Ω/Ω crit with mass. From Figure 6 we can write
Here, R is the surface radius of the nonrotating model. Using the fact that S 2 = 1 for critical rotation, I can divide this equation by the similar expression for critical rotation and solve for the ratio of the rotation rates to obtain
The right-hand side is larger for larger a, which corresponds to lower masses in Figure 6 .
A similar plot is shown for the equatorial effective temperature in Figure 7 . There is one interesting difference between this plot and Figure 6 : the variation between the two curves is smooth except for the two most rapidly rotating data points. Here the 1.75 M data are about halfway between the 1.625 and 8 M results (effectively a continuation of the relationship at slower rotation), and the other masses fall in between the 1.75 and 8 M results. It is not clear why these high rotation results for the 1.625 M model have this behavior. The surface polar quantities are of interest because it is often assumed that the polar radius remains unchanged from its nonrotating value (e.g., Collins et al. 1991; Porter 1996; Reiners 2003; Townsend et al. 2004) , although this assumption is not universal (e.g., Frémat et al. 2005) . Indeed, the fractional changes in both the polar effective temperature and polar radius are comparatively small, as is shown in Figures 8 and 9 , respectively. In Figure 8 the point for the most rapidly rotating 1.625 M model is again different from those of other masses, which show the same slope between the two most rapidly rotating models as does the 8 M model. The magnitude of the polar radius changes shown in Figure 9 is a little higher than the (Roche potential) results of Sackmann (1970) and those from calculations in the relevant mass range (Faulkner et al. 1968; Sackmann & Anand 1970; Kippenhahn & Thomas 1970) to which she compared. Given the previous discussion, this can be attributed to my computation of the actual potential. The trend with mass is also the same with all these calculations except those of Sackmann & Anand (1970) , which for some reason show an increase with decreasing mass. The primary Table 1 are included, with the percentage increase being smallest for the 1.625 M models ( * ) and largest for the 8 M models (o). The increase is comparatively small for all models, reflecting the truism that models with uniform rotation reach critical rotation before the rotation rate is sufficiently large to affect the core appreciably.
differences between the calculations of Sackmann (1970) and Sackmann & Anand (1970) relate to the opacity used and the surface boundary conditions.
Variation of Internal Properties with Rotation
It is well known that the central properties of uniformly rotating models are only slightly affected by rotation because critical rotation is reached before the core rotation rates are sufficiently large for the centrifugal force to become even a modest fraction of the gravitational force. The decrease in central temperature at critical rotation is only 0.4% for the 8 M model and 0.6% for the 1.625 M model, with the other masses being in between. The change is approximately linear through model r16, with very little change for more rapidly rotating models. The central density increases somewhat more, as is shown in Figure 10 , as the ratio of the central density to that in the nonrotating model as a function of S. I have shown the results for all masses here to give an impression of the behavior with mass, which could not be done in most of the other plots. The mass of the convective core is unchanged within the quantization produced by the zoning discussed in the previous section. The flux emerging from the convective core is essentially spherically symmetric, and the luminosity flowing through a spherical shell just outside the core is shown in Figure 11 as a function of S. These results are in close agreement with those of other authors in the comparison performed by Sackmann (1970) . These trends in the central density, central temperature, and luminosity are generally explained (e.g., Sackmann 1970) by the primary effect Table 1 as a function of S. The 8 M models (o) are affected most and the 1.625 M models least ( * ). Because of the latitudinal dependence of the flux emerging from the surface, an observer assuming a nonrotating model might deduce a luminosity quite different from that actually being produced. Solid line is the ratio of the temperature at a given fractional polar radius for a model rotating near critical rotation (r20) to the temperature at the same fractional radius for a nonrotating model (r0) as a function of the fractional polar radius. The dashed curve shows the same relation for the density. Note that both curves are close to unity for values of fractional polar radius less than 0.75. The curves are shown for the 8 M model. The magnitudes of the departures from unity for both the temperature and density ratios decrease as the mass decreases.
of rotation on the model structure being to reduce the effective gravity, so that an individual rotating model would have the properties of a nonrotating model with a slightly smaller mass. Although the change in the luminosity produced by the core is small, the luminosity an observer would deduce assuming spherical symmetry would vary appreciably as a function of the observer's inclination to the rotation axis (e.g., Collins 1966; Maeder & Peytremann 1970; Slettebak et al. 1980; Linnell & Hubeny 1994; Reiners & Schmitt 2002; Gillich et al. 2008 ). The same is true of the effective temperature, although one can define an average effective temperature using the luminosity and the total surface area. This average effective temperature is about 1900 K cooler for a 6 M model rotating near critical rotation than for the nonrotating model, a value not far removed from the 1D models of Brott et al. (2011) .
I have looked at a number of ways to compare the density and temperature distributions of rotating and nonrotating models. The comparison that produces the best results is comparing the nonrotating model density and temperature to the density and temperature along the polar axis as functions of the fractional polar surface radius. I show the results of this comparison in Figure 12 as the ratio of the temperature on the polar axis for model r20 to that of the nonrotating model and the same for the density. The differences for both variables are less than 3% out to a fractional polar radius of about 0.75, after which they rise significantly toward the surface. There does not appear to be any easy method of relating the properties near the surface because the temperature and density vary so rapidly as a function of radius. The curves for other masses are basically the same shape, although the amplitudes are reduced for lower masses.
DISCUSSION
I have computed a number of ZAMS 2D stellar models with solid-body rotation covering a range of mass and rotation rates. I have found that the mass and rotation are separable variables if the rotation variable is defined in such a way that the variation from one mass to another keeps the surface shape constant. The rotation variable, S, required to do this for uniformly rotating models is close, but not identical, to the ratio of the centrifugal potential to the Roche potential. The failure to be identical is because the gravitational potential deviates slightly from the Roche potential. A number of quantities, including the surface equatorial velocity, the rotation rate, the surface equatorial velocity, and the equatorial effective temperature, scale from one mass to another (as long as the surface shape is not changed while the mass changes) by factors that are themselves nearly independent of the surface shape. The latitudinal variation of the surface radius (by design) and of the effective temperature in units of their equatorial values depends on the surface shape, but is nearly independent of mass for a given surface shape. This independence will allow the calculation of the apparent spectral and photometric properties one would observe for uniformly rotating models without having to compute the rotating models throughout the H-R diagram.
While not proven, it is reasonable to expect that this independence will remain true for other conservative rotation laws. However, it is likely that the differences between constant surface, S, and Ω/Ω c will become larger for differential rotation in which the rotation rate increases as the distance from the rotation axis decreases because the magnitude of the deviation of the gravitational potential from the Roche potential will become larger.
All these models are on the ZAMS, and the conclusions only apply strictly to this stage. As the star ages, thermal and hydrodynamic instabilities associated with rotation will cause the models to mix both composition and angular momentum, and variations in these from one model to another will have to be considered. The results presented here might be of benefit in comparing the effects of properties such as the total mass or internal composition distribution while minimizing the effects of the rotational structure. These results would indicate that comparing models with the same surface shape, assuming that the rotation laws are conservative, is a reasonable way to do this. I thank the anonymous referee for his or her questions that led to the analysis about the effects of the non-Roche potential.
